In the present study, amount of titanium (Ti) released into the surrounding bone during placement of implants with different surface structure was investigated. Quantification of Ti released during insertion from three different implants was performed in this ex vivo study. Jaw bone from pigs was used as model for installation of the implants and Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) was used for analysis of the released Ti. Implant surface were examined with scanning electron microscopy (SEM), before and after the placement into the bone. Ti was abraded to the surrounding bone upon insertion of a dental implant and the surface roughness of the implant increased the amount of Ti found. Diameter and total area of the implant were of less importance for the Ti released to the bone. No visible damages to the implant surfaces could be identified in SEM after placement.
Introduction
Titanium (Ti) has been used as a biomaterial for medical and dental implants for decays and are considered as a metal with a good biocompatibility. To be considered as a good biomaterial, a material needs to exhibit excellent biocompatibility and corrosion resistance without cytotoxicity together with good material properties, as high material strength with a good fatigue and wear resistance [1] [2] [3] .
Dental implants made of Ti are a well-established standard treatment for edentulism today, after the discovery of osseointegration in the 1960 s [4] . As a material for dental implants, Ti is favorable because of its good material characteristics such as mechanical strength, corrosion resistance, chemical stability and biocompatibility. The good biocompatibility of titanium as a material for implants is connected to the properties of the 3-5 nm thick oxide layer formed on the metal surface [5] . Ti is highly resistant to corrosion and is considered to be relatively inert due to the thin TiO 2 layer formed on the surface [6] . Corrosion experiments in vivo show that Ti, stainless steel and cobalt-base alloys have a similar polarization resistance, which suggests that high corrosion resistance is not the most essential property for a material to be biocompatible [7] . Ti exists in five naturally occurring isotopes [46] [47] [48] [49] [50] Ti, but only 47 Ti (7.3%) and 49 Ti (5.5%)
can be used for quantification with Inductively coupled plasma mass spectroscopy (ICP-MS) without interference problems with calcium-, chromium-and vanadium-isotopes [8] .
The first generation of implants had a machined surface [9] and was originally described by Brånemark et al. and manufactured by Nobel Biocare (Nobel Biocare Services AG, Z€ urich, Switzerland) [5, 10] . Although the clinical outcome in long-term follow-up studies of implants with a machined surface is good [11, 12] , but almost every dental implant on the market today has surface modification to give better primary stability and the possibility to achieve an earlier loading time [13] [14] [15] [16] [17] [18] [19] [20] . Machined implants show a lower insertion torque and lower friction coefficient as compared with surface-treated implants during placement, and the insertion torque depends on implant geometry, thread form and surface morphology [21] . There are many parameters for measurement of surface roughness, both two or three dimensional. The most commonly used parameters for dental implants are average roughness (R a ) and arithmetical mean height (S a -value) and the latter is the preferred parameter according Wennerberg et al. [22] . Increasing surface roughness is reported to have a positive correlation with implant integration into bone and the best bone response occurs with a S a of about 1.5 mm [23] [24] [25] . Developed interfacial area ratio (S dr ) is a hybrid surface roughness parameter that expresses the additional surface area in percentage, by summing the area contributed by the texture in comparison to a perfect flat and smooth surface (S dr ¼ 0%) [26] . In other words, S dr can be expressed as information about the surface enlargement.
As we earlier showed in an in vitro study, Ti ions form particles that can act as a secondary stimulus to activate and release interleukin (IL)-1b beta from human macrophages [27] . This can act in synergy with an infection-induced inflammation and cause imbalance in the host response. Ti ions might also be responsible for monocyte infiltration in the gingiva by elevating the sensitivity of gingival epithelial cells to microorganisms. Surface roughness might affect osteoclast differentiation by activation of the receptor activator of nuclear factor jB (RANK)-TNF receptor associated factor 6 (TRAF-6) signaling network [28, 29] . These findings were repeated by Wachi et al., who also found that Ti ions induced monocyte infiltration and osteoclast differentiation [30] .
Schliephake et al. showed with scanning electron microscopy (SEM) that Ti particles were abraded from Ti fixtures and screw taps and the particles were found in the adjacent bone around the insertion in mini-pigs [31] . They also showed that five months after insertion the Ti particles were not found in the bone at the implant site, but were found in high levels in the lungs as compared with other inner organs. Meyer et al. used SEM to investigate bone from peri-implant sites after insertion of implants with varying surface roughness; they found the highest levels of Ti at sites with Ti plasma sprayed implants [32] . They did not find any morphological alterations on a nanoscale level in cells adjacent to the implant sites. It has been shown in the literature that fluoride and low pH can impair the corrosion resistance of Ti, which leads to a high release of Ti ions from the material [33, 34] . When commercial-pure (c. p.) Ti was exposed to both stress and chemical corrosion (tribocorrosion), the highest values of tribocorrosion products were found at pH 6 [35] . The author raised concerns because saliva has a pH 6.3 and the tribocorrosion products easily could be sheared off from the surface.
He et al. investigated the content of 47 Ti in human jaw bone with dental implants and found the highest intensity of 47 Ti adjacent to the implant and the intensity decreased with increased distance from the implant [36] . We have previously found enhanced levels of Ti in tissues adjacent Ti dental implants [27] . In addition, higher levels of Ti were found in the dental plaque of peri-implantitis patients than in implant patients without peri-implantitis [37] . If this is an effect only from corrosion of the Ti material or if there is also wear of Ti during insertion and the effect of surface treatment, has not been thoroughly investigated.
The null hypothesis is that no there are no differences in the amount of Ti released from dental implants with different surface characteristics and diameters.
To test this hypothesis, the aim of this study was to quantify the amount of Ti released during insertion in a model with jaw bone from pigs. Additional aims were to determine if more Ti is abraded from an implant with a rough surface vs. a smooth, machined implant and if the diameter of the installed implant has any influence. Also, to examine if damages to the surface could be detected after insertion into the bone.
Materials and methods

Experimental model
The experiments were carried out on pig mandibles bought from a butchery (Nyhl ens Hugosons, Luleå, Sweden). The jaws had their coronoid and condylar process removed at the slaughterhouse before arrival at the department. No ethical clearance was needed because the mandibles are considered as offal from the slaughterhouse.
Implants and instruments
Fifteen
Nobel Brånemark V R (Brmk) System Mark(Mk)III machined regular platform (RP) 3.75 Â 10 mm implants, fifteen Nobel Brmk System MkIII TiUnite (TiU) RP 3.75 Â 10 mm implants, and fifteen Nobel Brmk System MkIV TiU RP 4.0 Â 10 mm were donated from Nobel Biocare (Nobel Biocare Services AG, Z€ urich, Switzerland) for this study. Nobel Brmk System MkIII machined is a cylindrical, self-tapping, turned implant in c. p. grade IV Ti. Nobel Brmk System MkIII TiU is first turned and then the turned surface is anodized [38] , to achieve a surface enlargement which exhibits a moderate roughness ( Figure 1 ). The MkIV TiU implant is surface treated the same way as MkIII TiU, but has a one-degree tapered profile when compared with the cylindrical shape of MkIII. The diameter of the RP implant is 4.0 mm and it is marketed as an implant for soft bone ( Figure 1 ). Values of the surface roughness (S a ) and surface enlargement (S dr ) are also available in Figure 1 . Total area of the implants was obtained from the implant manufacturer.
Drills were bought from Nobel Biocare and the drill protocol for RP implants was used according to instructions from the manufacture (start burr, twist drill 1.5-3.2 mm and then counterbore RP).
A surgical handpiece from NSK (Nakanishi Inc., Tochigi, Japan) with a micro bone saw blade was used to cut bone samples from the pig jaw bones.
Implant surgery and bone samples
Ramus mandible was used as the experimental area of the pig mandibles, due to the good bone quality and a bone area without disturbance of any teeth. A mucoperiosteal flap was carried out on both buccal and lingual sides to expose the bone.
At the first, most anterior test site, the implant site was prepared according to the drill protocol provided by the manufacture, starting with a round burr, then with a twist drill from 1.5 up to 3.2 mm and completing with a counterbore for RP. After the first implant site was prepared another site was prepared 10 mm posterior to the first site. After the two implant sites were prepared the implant to be tested was inserted with an implant motor DEC601 (Nobel Biocare, Gothenburg, Sweden), in the first prepared implant site (Figure 2(a) ). Cooling was provided with physiological saline solution during the drilling procedure and the insertion of the implant. An X-ray was taken to illustrate the bone structure, the implant and the prepared implant site (Figure 2(b) ). After insertion of the implant, the bone was cut vertically with a micro bone saw into three samples during cooling with physiological saline and the installed implant was removed from the bone (Figure 2(c) ). After removal of the implant, the bone samples were cut loose from the mandible with a horizontal cut through the bone into three samples. There were five groups of bone samples: bone control (untreated bone, n ¼ 10), drill control (bone prepared with implant drills, but no implant installed, n ¼ 10) and the implant groups (MkIII machined, n ¼ 14, MkIII TiUnite n ¼ 15, and MkIV TiUnite n ¼ 12). Each jaw was used on both sides with one bone-control sample, one drill-control sample and one implant sample on each side.
The bone samples were collected into 50 ml plastic tubes, one sample in each tube, and was frozen at À20 C until further analysis.
Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES)
Instruments
The closed microwave digestion system is a Titan MPS TM microwave sample preparation system † S a value 0.9 lm and S dr value 34% [71] .
† † S a value 1.1 lm and S dr value 37% [71] . SEM micrographs (original magnification, † 10 kX and † † 5 kX).
equipped with 16 Teflon digestion vessels, each with a volume of 75 ml. The ICP-AES used in this project was a Spectro Ciros CCD system (Kleve, Germany) equipped with an argon gas inlet, a cyclonic spray chamber, modified Lichte nebulizer and charge-coupled device (CCD) detector. The software used was Smart Analyzer Vision software (v. 2.1). The plasma was optimized daily. The parameters of the instrument are shown in Table 1 .
Preparation of bone samples
The pig jaw samples were thawed in a weighing room at 20 C and 45% relative humidity. The samples, which weighed between 700-2200 mg, were weighed into the Teflon digestion vessels before adding 7.0 ml sub boiled HNO 3 and 1.0 ml supra-pure hydrogen fluoride (HF). The vessels were left open for about ten minutes, then closed and placed into the digestion system and running the program shown in Table 2 .
After the digestion, the vessels were cooled to almost room temperature, the contents were poured into plastic tubes and diluted to 50 ml with Milli-Q water (MQ). The tubes were then mixed and centrifuged at 2500 g for 10 min. The concentrations of Ti were quantified in the clear upper phase against acidmatched calibration solution with the ICP-AES instrumentation. The precipitates in the bottom of each tube consisted of calcium fluoride (CaF 2 ), so a large excess of HF was needed.
Scanning electron microscope (SEM)
Implants were placed onto carbon adhesive tape mounted on an aluminums specimen holder and inserted into the microscope. The surface structure of the machined and TiUnite implants were examined by a Zeiss Merlin Field-emission (FE) SEM (Carl Zeiss AG, Oberkochen, Germany) using both in-lens and in-chamber (Everhart-Thornley [39] ) secondary electron detectors at accelerating voltage of 10 kV and probe current of 150 pA. Both the machined and TiUnite surface were examined before and after the insertion into the bone. Micrographs were acquired using SmartSEM v.6.01(Zeiss) software. [40, 41] . Linear regression (r 2 ) was used for data analysis between evaluated factors, total bone-implant area, surface roughness S a and implant diameter. A mathematical calculation of the Ti released per unit area was done to compensate for the larger total bone-implant area when linear regression analysis of S a and diameter was performed. Results from the SEM examination of the implant surfaces are described descriptive. p values .05 was considered statistically significant.
Statistical analysis
Prism v7.0a (GraphPad Software Inc., La Jolla, CA) was used for the statistical analysis. Kruskal-Wallis H test was used for the variance analysis with a Dunn's test for multiple comparisons between tested groups
Results
Amount of Ti released by insertion of implants with different surface structure, total implant area and diameter in bone samples, measured as total Ti amount (mg)
A significantly higher content of Ti was found in the bone where an implant had been inserted than in the bone-and drill controls (p < .05) and the Ti content in the bone varied related to the structure and size of the implant (Figure 3) . The highest content of Ti was found when a Nobel Brmk System MkIV TiU RP implant had been installed, mean 2.80 ± 0.85 mg, 95% CI (2.2-3.3). This implant had the widest diameter, highest total implant-bone area and a rougher surface than the implant with the machined surface. Of all analyzed bone samples where an implant had been inserted, Nobel Brmk System MkIII machined showed the lowest content of Ti, 0.91 ± 0.36 mg, 95% CI (0.7-1.1 ). Compared with the other two implants tested, the machined implant showed much less release of Ti (p < .001; Figure 3) . Compared with the machined surface, the TiU implant (Nobel Brmk System MkIII) with the same diameter but different S a and S dr values, showed a higher amount of Ti released, 2.00 ± 0.56 mg, 95% CI (1.6-2.4 ; p ¼ .001), but no difference compared to the TiU (MkIV) with the wider diameter (p ¼ .5). Control (un-burred) samples and prepared (burred) bone showed very low content of Ti, mean 0.06 ± 0.11 mg, 95% CI (À0.02-0.14) and 0.11 ± 0.15 mg, 95% CI (0-0.22), respectively and the difference was not significant (p ¼ 1; Figure 3) .
The null hypothesis could be rejected.
SEM analysis of the implant surface
Micrographs acquired by SEM show the surface topography of the machined ( Figure 4 ) and TiUnite surface ( Figure 5 ). Notable is that the machined surface has two different surface structures, one rougher on the sides of the threads, where deeper grooves from the turning instrument can be seen compared to the area between and on the edge of the threads with a smoother structure (Figure 4 (a,b) ). At higher magnifications, sharp edges of the grooves with visible extruding metal fragments can be seen at the machined surface (Figure 4  (c,d) ). Micrographs of the TiUnite surface show a very regular pattern of pores, elevations, depressions and pits of the anodized surface, which gives the surface enlargement. Sharp edges as seen at the machined surface are not visible at the anodized surface.
Micrographs acquired after insertion of the implant into the bone show totally different pattern between the two investigated surfaces (Figure 4 (e-h) and 5 (e-h)). Biological material is visible at the machined surface, but in a much less content compared to the anodized surface. At the TiUnite surface, bone material can be seen covering the surface and into the depressions and pits. No clearly visible damages to the surfaces are seen at either the machined or the TiUnite surface after placement into the bone.
3.3 Correlation analysis, to investigate which factor of implant design (total implant-bone area, surface roughness or diameter) is the most important factor concerning release of Ti during insertion of an implant
Linear regression analysis showed a positive correlation (r 2 ¼ 0.457, p < .001) between surface roughness (S a ) for the 3.75 mm diameter implants with a machined surface vs. the TiU surface in terms of Ti released to the bone (Figure 6(a) ). Total implant-bone area showed a weak correlation (r 2 ¼ 0.200, p ¼ .020) (Figure 6(b) ), while implant diameter showed no correlation (r 2 ¼ 0.121, p ¼ .076) for the amount of Ti found in the bone during insertion (Figure 6 (c) ).
Discussion
Previous studies have shown that Ti can be accumulated in the bone adjacent to Ti dental implants [31, 32, 36, [42] [43] [44] [45] , but contradictory results have been reported of raised systemic levels of Ti from prosthetic implants [46] [47] [48] [49] [50] [51] . Quantitative results from the present study confirm these findings from previous studies, that Ti abraded from the implant during insertion can be quantified in the bone samples with ICP-AES analysis.
In addition, surface roughness of the implant markedly increases the content of Ti found in the bone after insertion of an implant. Surface roughness of the implant seems to be the most important factor regarding the amount of Ti found in the bone after insertion. Total bone-implant area and diameter of the drilled implant site seem to be of less importance regarding amount of Ti released from the implant. These findings, agrees with previous reports, showing that a rougher implant surface induce more friction during insertion, which could lead to particle detachment from the implant [43, 52, 53] . It is well know that variations in surface roughness affect the coefficient of friction [54] [55] [56] , which gives a higher insertion torque for the implant during insertion [21] . To perform this material test in an in vivo-like model, jaw bone from pigs were chosen, because the bone structure, mineral density and mineral concentration are similar to that in humans [57, 58] . In the present study, we could not identify any visible damages to the implant surfaces during insertion with the SEM examination in contrary to Senna et al. [53] , who found visible fractures and chipping of the porous structure at the TiUnite surface. Biological material was visible with SEM on both examined surfaces, but in a much higher content on the TiU surfaces. Surface characteristics of the implants correspond with previously published data [59] [60] [61] [62] [63] .
Quantification of Ti and especially TiO 2 can be challenging in biological tissue and to achieve a reliable result all Ti needs to be dissolved. In the present study, we used the combination of HNO 3 and HF proposed and validated by Faucher et al. as the best dissolvent for Ti and TiO 2 in biological samples [64] in combination with microwave digestion. By this aggressive dissolvent all Ti can be quantified, but if the Ti found was present in the bone as metallic or TiO 2 is not possible to determine. No visible damages on the TiUnite surface could be detected with our SEM analyses, which indicate that the origin of the quantified Ti is derived from the surface layer of the implant.
The total amount of Ti (mg) found in the bone samples from the implant sites was measured with ICP-AES analysis in this study. The study design, with a short time between insertion and removal of the implant, as well as the non-vital bone tissue limit opportunities for biological transfer of Ti. Therefore, only the bone in direct contact with the implant during insertion should contain the abraded Ti from the implant. The results show the total amount of Ti (mg) released from each implant during insertion, instead of concentration which could be misleading. Comparison with our quantitative data of Ti content found in the present study with previously published data is difficult to make, as most of the published data of Ti levels are measured in serum and organ tissues where concentration is a preferred measurement [46, 48, 65, 66] . Senna et al. measured the reduction of the surface volume after insertion of a dental implant into bone from cow ribs and calculated the released Ti mathematical by the volume reduction to 0.06 mg for the TiUnite surface, which is 21 times higher than our findings in the present study [53] . Our quantitative data of Ti amount (mg) in the bone after placement of an implant could therefore be used as a reference level in further studies. In a recent study by Safioti et al., they found that levels of Ti was significantly increased in plaque from peri-implantitis compared to healthy patients and concluded, that the results indicate an association between titanium dissolution and peri-implantitis [37] . Albrektsson et al. proposed that peri-implantitis is a foreign body reaction against the implant [67] and in orthopedic research osteolysis due to immunological reactions against particles debris is well known [68] [69] [70] . We have previously shown that Ti in combination with liposaccharides (LPS) from E. coli induce a pro-inflammatory response in human macrophages [27] . Similar results have been published by other authors with endothelial cells; they conclude that a Ti concentration >11 ppm can induce tissue necrosis and that a Ti concentration of 5 ppm in combination with LPS can cause an inflammatory response [28] . Ti added to unstimulated cells do not activate release of IL-1b, which indicates that this effect of Ti is of biological relevance only in already inflamed tissues [27] .
The model used in the present study seems to be an easy way to quantify the amount of Ti abraded from a dental implant during insertion.
A limitation of the present study is that the interesting biological process in an inflamed tissue that can cause further release of Ti cannot be studied in this model. But it is interesting, that such high amount of Ti could be quantified in the bone after insertion of a dental implant and the effect of the released Ti should be further studied.
However, the release of Ti during installation of an implant may be a factor of importance for the inflammatory process in peri-implant tissue.
In conclusion, we show that Ti is abraded to the surrounding bone upon insertion of a dental implant. The surface structure of the implant is important for the amount of Ti released, while total area and diameter of the implant are of less importance.
